Ninety-nine recombinant inbred lines (RILs) were grown for three years and yield components were evaluated. Composite interval mapping showed that the vrs1 and uzu genes consistently controlled grain weight per plant. The analyses also identified a new QTL of kernel length on chromosome 3H, a QTL for kernel width on chromosome 6H and a QTL for thousand-kernel weight on chromosome 2H. The QTL generated in this study may be a useful target for marker-assisted selection in breeding programs.
Introduction
Oriental and occidental barley cultivars are genetically divergent from each other and they harbor genes characteristic of each region 21 . We developed recombinant inbred lines (RILs) from a cross between 'Azumamugi' and 'Kanto Nakate Gold'. Azumamugi was bred from a cross between two Japanese landraces ('Tochigi Sekitori 1' and 'Torano-o Sai 1'). Kanto Nakate Gold was bred by the following pedigree: Golden Melon/ Shikoku//Kinki Shu, where Golden Melon is a two-rowed erectum-type cultivar (origin Northern Europe), Shikoku is a Japanese landrace, and Kinki Shu is a selection from Golden Melon. Because Azumamugi and Kanto Nakate Gold belong to oriental and occidental cultivars respectively, the two genotypes are highly polymorphic for morphological, physiological, and molecular markers 7, 8, 19 . The objective of the present study is to identify QTLs for yield components, especially grain size in barley. We estimated genetic effects of known major genes and considered to detect new genes even with minor effects on these traits.
Materials and methods
Ninety-nine RILs (F 12 and F 13 ) were developed from F 2 plants of Azumamugi × Kanto Nakate Gold by single seed descent. Azumamugi is six-rowed (vrs1.a), winter type (Sgh1/sgh2) and uzu or semi-brachytic (uzu1). Kanto Nakate Gold is two-rowed (Vrs1.b), spring type (sgh1/ Sgh2) and non-uzu (Uzu1 RILs were constructed previously. Map distances were estimated by using Kosambi's map function 9 . Composite interval mapping (CIM) was performed using the computer program QTL Cartographer 2 version 1.14. A LOD score threshold of 3.0 was used to identify QTLs. The position of detected QTLs were compared with the ones of former QTL studies 1, 3, 10, 15 consulting integrated maps 6, 16 .
results and discussion
RILs showed a wide range of variation for all the traits (Table 1) . ANOVA showed that genetic variances for all the traits were significant, and heritability ranged from 0.73 to 0.99 (Table 2 ). Correlation coefficients between two years ranged from 0.61 to 0.98, which were significant for all the traits (Table 3) . Grain number per spike (GNS) and grain number per plant (GNP) were positively correlated with grain weight per plant (GWT g ), but negatively correlated with thousand-kernel weight (KWT g ) ( Table 3) .
GWT was controlled predominantly by vrs1 and uzu as detected previously 3, 5, 15, 23 . The allele of Azumamugi at the vrs1 locus increased GWT by 9.15-11.75 g ( Table 4 ). KWT of six-rowed lines was 74% of two-rowed lines, but GNP of six-rowed lines was 2.7 times of two-rowed lines, therefore GWT of six-rowed lines was 1.5 times of tworowed lines, showing six-rowed lines have a potential of higher yield than two-rowed lines (Fig. 1) . The allele of Azumamugi at the uzu locus decreased GWT by 9.9-10 g (Table 4 ). However, the uzu locus did not control the GNP. Another QTL for GWT was detected on chromo- . The major factor of GNP, GNS and KWT was the vrs1 locus (Table 4) . Six-rowed lines decrease KWT but considerably increase GNP, thus six-rowed spikes increase the yield of grains (Fig. 1) . The vrs1 locus contributed 25 to 80% of phenotypic variance for KWT in separate studies 1,4,5,14,24 and 63-72% in this study. In spite of the major effect by the vrs1 locus on KWT, we detected a new QTL for KWT named qKWT.ak-2H on the short arm of chromosome 2H (Table 4 ). The allele of Azumamugi at this QTL increased KWT.
The vrs1, uzu and dsp1 have been reported to control the kernel sizes 1, 20 and our result was in agreement with these reports. Behind the pronounced effects of these major genes, we detected a new QTL for kernel length (KLN mm ) named qKLN.ak-3H on chromosome 3HS and a new QTL for kernel width (KWD mm ) named qKWD.ak-6H on chromosome 6H (Table 4 ). The QTL of KWD detected on chromosome 7H can be identical with qDHE. ak-7H, which controlled days to heading 18 . Kernel shape (KS = KLN/KWD) was controlled by vrs1, uzu and dsp1, but kernel area (KA mm 2 = KLN mm × KWD mm ) was controlled by vrs1 and uzu.
QTL for straw weight per plant (STW g ) was detected on chromosome 3HL, at the uzu locus, and the allele of Azumamugi decreased STW by 6-11.8 g (Table 4 ). Another QTL for STW was detected on chromosome 3HL (may coincide with denso), together with Ppd-H1 (Eam1) and Sgh2 (spring growth habit 22 ), which primarily controlled days to heading 10, 17 . The QTL of harvest index (HI % = 100 × GWT/(GWT + STW)) detected on chromosome 5HL could correspond to qTPN.ak-5H, which was a QTL for triplet number 18 . Our study detected new QTLs for controlling seed size. These QTLs are useful for modifying spike architecture moderately rather than the major genes of strong pleiotrophic effects. The QTLs may be introduced to cul- 
